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EFFECT OF SPATIAL INLET TEMPERATURE AND PRESSURE DISTORTION ON TURBOFAN ENGINE STABILITY 
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N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lew is  R e s e a r c h  C e n t e r  
C l e v e l a n d ,  O h i o  44135 

A b s t r a c t  

An e x p e r i m e n t a l  i n v e s t i g a t i o n  was c o n d u c t e d  
i n  an a l t i t u d e  f a c i l i t y  t o  d e t e r m i n e  t h e  e f f e c t s  
o f  s t e a d y - s t a t e  i n l e t  t e m p e r a t u r e  d i s t o r t i o n ,  
p r e s s u r e  d i s t o r t i o n ,  and c o m b i n e d  t e m p e r a t u r e  and 
p r e s s u r e  d i s t o r t i o n  o n  t h e  s t a b i l i t y  o f  a PW1128 
t u r b o f a n  e n g i n e .  The s t e a d y - s t a t e  t e m p e r a t u r e  

2 d i s t o r t i o n  was g e n e r a t e d  b y  a g a s e o u s - f u e l e d  
h y d r o g e n  b u r n e r .  P r e s s u r e  d i s t o r t i o n  was p r o -  

& d u c e d  b y  a s c r e e n  i n s t a l l e d  i n  t h e  i n l e t  d u c t i n g  
b e t w e e n  t h e  b u r n e r  and t h e  e n g i n e  i n l e t .  N i t h  t h e  
e x c e p t i o n s  o f  i n l e t  p r e s s u r e  d i s t o r t i o n ,  a t i p -  
r a d i a l  i n l e t  t e m p e r a t u r e  d i s t o r t i o n  a t  t h e  h i g h e s t  
c o r r e c t e d  f a n  speed t e s t e d ,  and combined d i s t o r -  
t i o n  w i t h  t h e  l o w - p r e s s u r e  and h i g h - t e m p e r a t u r e  
r e g i o n s  t o g e t h e r ,  t h e  f a n  g e n e r a t e d  a f l o w  i n s t a -  
b i l i t y  when o p e r a t i n g  n e a r  i t s  s t e a d y - s t a t e  s t a l l  
l i n e .  I n  some i n s t a n c e s  t h e  f a n  '.vas n o t  t h e  f i r s t  
component  t o  s u r g e ,  h o w e v e r ,  because t h e  i n s t a b i l -  
i t y  d i s r u p t e d  t h e  f low t o  t h e  h i g h - p r e s s u r e  com- 
p r e s s o r  c a u s i n g  i t  to  s u r g e  a t ,  o r  n e a r ,  t h e  same 
t i m e  as t h e  f a n .  The e f f e c t  o f  combined d i s t o r -  
t i o n  was d e p e n d e n t  o n  t h e  r e l a t i v e  l o c a t i o n s  o f  
t h e  h i g h - t e m p e r a t u r e  and l o w - p r e s s u r e  r e g i o n s ;  
h i g h - p r e s s u r e  c o m p r e s s o r  s t a l l  o c c u r r e d  when t h e  
d i s t o r t e d  r e g i o n s  were  t o g e t h e r ,  and f a n  s t a l l  
o c c u r r e d  when t h e  d i s t o r t e d  r e g i o n s  were d i a m e t r i -  
c a l  l y  o p p o s e d .  

I n t r o d u c t i o n  

A c o n t i n u i n g  p r o b l e m  e n c o u n t e r e d  i n  t h e  
d e s i g n  and d e v e l o p m e n t  o f  a d v a n c e d  a i r b r e a t h i n g  
p r o p u l s i o n  s y s t e m s  for  m i l i t a r y  a i r c r a f t  i s  t h e  
d e t r i m e n t a l  e f f e c t  o f  n o n u n i f o r m  i n l e t  f l o w  on  
c o m p r e s s i o n  s y s t e m  p e r f o r m a n c e  and o n  s t a b i l i t y  
l i m i t s .  I n l e t  t e m p e r a t u r e  d i s t o r t i o n ,  b o t h  spa- 
t i a l  a n d / o r  t i m e  v a r i a n t ,  a l o n e  or combined w i t h  
i n l e t  p r e s s u r e  d i s t o r t i o n .  d e g r a d e s  e n g i n e  p e r -  
f o r m a n c e  and can  r e s u l t  i n  t o t a l  power l o s s  by 
c a u s i n g  c o m p r e s s i o n  s y s t e m  components  ( f a n  o r  com- 
p r e s s o r )  t o  s t a l l .  I n l e t  t e m p e r a t u r e  d i s t o r t i o n  
i s  o f  p a r t i c u l a r  c o n c e r n  i n  a p p l i c a t i o n s  r e l a t i n g  
t o  i n g e s t i o n  o f  h o t  gases  from armament f i r i n g  o r  
c a t a p u l t  l a u n c h  s y s t e m s ,  f r o m  r e c i r c u l a t i o n  o f  
er ,g ine e x h a u s t  g a s e s  f r o m  t h r u s t  v e c t o r i n g /  
r e v e r s i n g  s y s t e m s ,  or f r o m  o p e r a t i o n  o f  h e l i c o p t -  
e r s  and V/STOL a i r c r a f t .  I n  t h e  p a s t ,  s y s t e m  o p e r -  
a b i l i t y  p r o b l e m s  c a u s e d  b y  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n  have been s o l v e d  b y  a v o i d i n g  o r  m i n i -  
m i z i n g  t h e  e f f e c t  o f  t h e  d i s t o r t i o n  t h r o u g h  s y s t e m  
c o n f i g u r a t i o n  a n d / o r  o p e r a t i n g  p r o c e d u r e  c h a n g e s .  
T h i s  a p p r o a c h  may n o t  be a d e q u a t e  for  p r o p u l s i o n  
s y s t e m s  o f  t h e  f u t u r e ,  and a b e t t e r  u n d e r s t a n d i n g  
o f  t u r b i n e  e n g i n e  r e s p o n s e  t o  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n  w i l l  be r e q u i r e d .  

An e x t e n s i v e  e x p e r i m e n t a l  effort has been 
c a r r i e d  o u t  a t  t h e  L e w i s  R e s e a r c h  C e n t e r  t o  e s t a b -  
l i s h  a d a t a  b a s e  for  e v a l u a t i n g  t h e  e f f e c t s  o f  
i n l e t  f low d i s t o r t i o n  on  t h e  p e r f o r m a n c e  o f  t u r -  
b i n e  e n g i n e  c o m p r e s s i o n  s y s t e m s .  T h i s  work  

i n c l u d e s  i n v e s t i g a t i o n s  u s i n g  t ~ r b o j e t l - ~ ,  t u r b o -  

s p a t i a l  ( s t e a d y - s t a t e )  a n d  t i m e - v a r i a n t  i n l e t  
p r e s s u r e  d i s t o r t i o n ,  i n l e t  t e m p e r a t u r e  d i s t o r t i o n ,  
and c o m b i n a t i o n s  o f  p r e s s u r e  and t e m p e r a t u r e  d i s -  
t o r t i o n .  As a r e s u l t  of t h e s e  i n v e s t i g a t i o n s ,  
d e v i c e s  t o  g e n e r a t e  t h e  s p a t i a l  and t i m e - v a r i a n t  
i n l e t  tem e r a t u r e  a n d  p r e s s u r e  d i s t o r t i o n s  were 
d e v e l o p e d y 8 - 2 0 .  

t i n u a t i o n  o f  t h e  e f f o r t  t o  e s t a b l i s h  an i n l e t  flow 
d i s t o r t i o n  d a t a  b a s e  a n d  t o  d e v e l o p  a b e t t e r  
u n d e r s t a n d i n g  of t h e  e f f e c t s  o f  d i s t o r t i o n  o n  t u r -  
b i n e  e n g i n e  p e r f o r m a n c e .  T h i s  r e p o r t  i s  c o n c e r n e d  
w i t h  t h e  e f f e c t  o f  s p a t i a l  i n l e t  t e m p e r a t u r e  d i s -  
t o r t i o n  and combined i n l e t  t e m p e r a t u r e  and p r e s -  
s u r e  d i s t o r t i o n  o n  t h e  s t a b i l i t y  l i m i t s  of a 
P r a t t  & W h i t n e y  A i r c r a f t  PW1128 t u r b o f a n  e n g i n e .  
A g a s e o u s - f u e l e d  h y d r o g e n  b u r n e r  l o c a t e d  u p s t r e a m  
o f  t h e  e n g i n e  i n l e t  was used  t o  g e n e r a t e  t h e  t e m -  
p e r a t u r e  d i s t o r t i o n s ,  and a s c r e e n  was used  t o  
p r o d u c e  i n l e t  p r e s s u r e  d i s t o r t i o n .  

T h i s  i n v e s t i g a t i o n  was c o n d u c t e d  w i t h  c i r c u m -  
f e r e n t i a l  t e m p e r a t u r e  d i s t o r t i o n s  o f  90"- and 
1 8 0 " - e x t e n t .  H u b - r a d i a l  and t i p - r a d i a l  t e m p e r a -  
t u r e  d i s t o r t i o n  p a t t e r n s  were a l s o  i n v e s t i g a t e d .  
A 1 8 0 " - e x t e n t  t o t a l - p r e s s u r e  d i s t o r t i o n ,  a l o n e  
and i n  c o m b i n a t i o n  w i t h  a 1 8 0 " - e x t e n t  t e m p e r a t u r e  
d i s t o r t i o n ,  was a l s o  t e s t e d .  A l l  t e s t s  were con-  
d u c t e d  i n  an  a l t i t u d e  f a c i l i t y  a t  an  e n g i n e  i n l e t  
R e y n o l d s  number i n d e x  o f  0 . 5 2 .  

and t u r b o s h a f t 1 7  e n g i n e s  s u b j e c t e d  t o  

The i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  i s  a con-  
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h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t  

f a n  d i s c h a r g e ,  m i x e d  

h i g h - p r e s s u r e  c o m p r e s s o r  e r i t  

A p p a r a t u s  and  I n s t r u m e n t a t i o n  

F a c i l i t y  

,ame 

The t e s t  p r o g r a m  was c o n d u c t e d  i n  one  of t h e  
two a l t i t u d e  chambers of t h e  P r o p u l s i o n  Sys tems  
L a b o r a t o r y  a t  t h e  L e w i s  R e s e a r c h  C e n t e r .  These 
t e s t  c e l l s  a r e  24  f t  i n  d i a m e t e r ,  3 9  f t  l o n g ,  and  
have  t h e  c a p a b i  1 i t y  o f  s i m u l a t i n g  a i  t i  t u d e s  f r o m  
n e a r  sea l e v e l  t o  80 000 f t ,  w i t h  maximum a i r f l o w  
r a t e s  o f  480 and  50 l b l s e c ,  r e s p e c t i v e l y .  C o n d i -  
t i o n i n g  e q u i p m e n t  i s  a v a i l a b l e  t o  s u p p l y  a i r  tem- 
p e r a t u r e s  r a n g i n g  from -50 t o  600 " F .  

t e s t  c e l l  i s  shown i n  F i g .  1 .  A d i r e c t - c o n n e c t  
i n s t a l l a t i o n  was u s e d ,  w i t h  an i n l e t  a i r  b e l l m o u t h  
moun ted  i n  t h e  p l e n u m  u p s t r e a m  o f  t h e  t e s t  c e l l  
f o r w a r d  b u l k h e a d .  The e n g i n e  was moun ted  o n  a 
t w o - d i m e n s i o n a l  ( a x i a l  and  l a t e r a l )  t h r u s t  s t a n d ;  
c o n d i t i o n e d  a i r ,  a t  t h e  d e s i r e d  p r e s s u r e  and tem- 
p e r a t u r e ,  was s u p p l i e d  t h r o u g h  t h e  i n l e t  a i r  b e l l -  
mou th  and d u c t i n g  t o  t h e  e n g i n e  f a c e .  T e s t  c e l l  
c o o l i n g  a i r  was s u p p l i e d  t h r o u g h  a c o o l i n g  a i r  
t o r u s  a t  t h e  f o r w a r d  end o f  t h e  t e s t  c e l l ,  and 
e - h a u s t e r s  were a v a i l a b l e  t o  m a i n t a i n  t h e  d e s i r e d  
a l t i t u d e  p r e s s u r e  i n  t h e  t e s t  c e l l  d u r i n g  t e s t i n g .  

A p h o t o g r a p ' l  o f  t h e  e n g i n e  i n s t a l l e d  i n  t h e  

Enq i ne 

An FlOO EMDP ( E n g i n e  Model  D e r i v a t i v e  Pro- 
gram; P r a t t  & W h i t n e y  A i r c r a f t  d e s i g n a t i o n  PW1128) 
e n g i n e ,  s e r i a l  number X D l l ,  b u i l d  ' 2  was used  for 
t h i s  i n v e s t i g a t i o n .  T h i s  e n g i n e  i s  a l o w - b y p a s s -  
r a t i o ,  h i g h - c o m p r e s s i o n - r a t i o ,  t w i n - s p o o l  t u r b o f a n  
c o n s i s t i n g  o f  t h e  f o l l o w i n g  p a r t s :  a t h r e e - s t a g e  
f a n  d r i v e n  b y  a t w o - s t a g e ,  l o w - p r e s s u r e  t u t - b i n e .  
a t e n - s t a g e  c o m p r e s s o r  d r i v e n  b y  a t w o - s t a g e ,  a i r -  
c o o l e d  h i g h - p r e s s u r e  t u r b i n e ,  a n  a n n u l a r  combus- 
t o r ,  a m i x e d - f l o w  a u g m e n t o r .  and  a v a r i a b l e  a r e a  
c o n v e r g e n t - d i v e r g e n t  e x h a u s t  n o z z l e .  The augmen- 
t o r  was n o t  used  d u r i n g  t h e  t e m p e r a t u r e  d i j t o r t i o n  
t e s t i n g ,  b u t  a n  e x h a u s t  n o z z l e  p l u g  was i n c l u d e d  

2 

as  p a r t  o f  t h e  i n s t a l l a t i o n  t o  p r o v i d e  e x h a u s t  
n o z z l e  t h r o a t  a r e a s  s m a l l e r  t h a n  t h o s e  o b t a i n a b l e  
w i t h  t h e  s t a n d a r d  n o z z l e .  The p l u g  was 1 4  i n .  i n  
d i a m e t e r  and e x t e n d e d  u p s t r e a m  of t h e  e x h a u s t  noz-  
z l e  p r i m a r y  t h r o a t .  

F lOO(3 )  e n g i n e  b u t  has a new, advanced  f a n  d e s i g n ,  
a n  i m p r o v e d ,  h i g h - p r e s s u r e  c o m p r e s s o r ,  a r e c o n -  
t o u r e d  c o m b u s t o r ,  h i g h e r  t e m p e r a t u r e  c a p a b i l i t y ,  
h i g h -  and l o w - p r e s s u r e  t u r b i n e s ,  and a d i g i t a l  
e l e c t r o n i c  e n g i n e  c o n t r o l  ( D E E C ) .  Compared w i t h  
t h e  F 1 0 0 ( 3 )  f a n ,  t h e  PW1128 f a n  i s  d e s i g n e d  fo r  
i n c r e a s e d  a i r f l o w ,  p r e s s u r e  r a t i o ,  and e f f i c i e n c y .  
The b l a d e  a s p e c t  r a t i o  and  number o f  b l a d e s  were  
r e d u c e d ;  and  a s h r o u d l e s s  t h i r d - s t a g e  r o t o r  b l a d e ,  
d e s i g n e d  for i n c r e a s e d  c o r e  s u p e r c h a r g i n g ,  was 
u s e d .  A o n e - p i e c e  f a n  case  w i t h  r e m o v a b l e  t i p  
s h r o u d s  was i n c o r p o r a t e d ,  and  t h e  i n t e r m e d i a t e  
case  a f t  o f  t h e  f a n  modu le  i n c l u d e d  an i n t e g r a !  
p r o x i m a t e  s p l i t t e r .  The fan  a l s o  has v a r i a b l e  
i n l e t  g u i d e  vanes  t h a t  a r e  s c h e d u l e d  as a f u n c -  
t i o n  of c o r r e c t e d  f a n  SDeod. 

The PW1123 e n g i n e  i s  s i m i l a r  10 t h e  p r o d u c t i o n  

A b r e a d b o a r d  v e r s i o n  o f  t h e  DEEC was used  
d u r i n g  t h e  t e m p e r a t u r e  d i s t o r t i o n  r e s t s .  The 
b r e a d b o a r d  d n i t  e n a b l e d  t h e  o n - l i n e  m o d i f i c a t i o n  
o f  s c h e d u l e s ,  l o g i c ,  and  c o n t r o l  loops. The p r i -  
m a r y  uses  of t h e  DEEC d u r i n g  t h e  t e s t s  were  m a i n -  
t a i n i n g  c o n s t a n t  c o r r e c t e d  f a n  speed a n d  p r o v i d i n g  
manual  c o n t r o l  of t h e  e x h a u s t  n o z z l e  t h r o a t  a r e a .  
A f u r t h e r  d e s c r i p t i o n  o f  t h e  DEEC i s  c o n t a i n e d  i n  
R e f .  2 1 .  

T e m p e r a t u r e  D i s t o r t i o n  G e n e r a t o r  

A g a s e o u s - f u e l e d  h y d r o g e n  b u r n e r  was u s e d  t o  
p r o d u c e  t h e  s t e a d y - s t a t e  t e m p e r a t u r e  d i s t o r t i o n  
p a t t e r n s  a t  t h e  e n g i n e  i n l e t .  H y d r o g e n  was used  
because  i t  has  b o t h  good  i g n i t i o n  c h a r a c t e r i s t i c s  
a n d  r a p i d  f l a m e  p r o p a g a t i o n  speed ,  r e q u i r e s  a low 
f u e l - t o - a i r  r a t i o  for a g i v e n  t e m p e r a t u r e  r i s e ,  
and  i s  c l e a n  b u r n i n g  ( g e n e r a t i n g  w a t e r  v a p o r  r a t h e r  
t h a n  p o l l u t a n t s ) .  The b u r n e r  was i n s t a l l e d  i n  
t h e  p l e n u m  u p s t r e a m  o f  t h e  i n l e t  d u c t  b e l l m o u t h  
( F i g .  2 ( a ) ) .  The b u r n e r ,  w h i c h  was d i v i d e d  i n t o  
f o u r  i n d i v i d u a l l y  c o n t r o l l e d  q u a d r a n t s ,  h a d  t h e  
c a p a b i l i t y  o f  b e i n g  r o t a t e d  30" i n  e i t h e r  d i r e c -  
t i o n  f r o m  t o p  d e a d  c e n t e r .  Q u a d r a n t s  were i d e n t i -  
f i e d  as  1 t h r o u g h  4 s t a r t i n g  w i t h  t h e  u p p e r  r i g h t  
and  n u m b e r i n g  i n  a c l o c k w i s e  d i r e c t i o n  l o o k i n g  
u p s t r e a m .  E n g i n e  i n l e t  a i r f l o w  was h e a t e d  i n  
s e l e c t e d  q u a d r a n t s  as  i t  p a s s e d  t h r o u g h  t h e  b u r n e r .  

Each q u a d r a n t  c o n t a i n e d  s i x  a n n u l a r  g u t t e r s  
s u p p o r t e d  b y  o n e  r a d i a l  g u t t e r  and s i x  c i r c u l a r -  
t u b e  m a n i f o l d s  ( o n e  i n  e a c h  a n n u l a r  g u t t e r )  w i t h  
s m a l l  h o l e s  f o r  h y d r o g e n  i n j e c t i o n  ( F i g .  2 ( b ) ) .  
The s i x  s w i r l - c a n  p i l o t  b u r n e r s  i n  e a c h  q u a d r a n t  
i g n i t e d  t h e  h y d r o g e n  f low to  e a c h  g u t t e r .  
h y d r o g e n  m a n i f o l d  l o c a t e d  o u t s i d e  t h e  b u r n e r  was 
c o n n e c t e d  b y  t u b i n g  and  r e m o t e l y  o p e r a t e d  f l o w  
c o n t r o l  v a l v e s  t o  t h e  s i x  c i r c u l a r - t u b e  m a n i f o l d s  
i n  e a c h  q u a d r a n t .  The h y d r o g e n  m a n i f o l d s  were 
c o n n e c t e d  t o  t h e  h y d r o g e n  s u p p l y  b y  a d d i t i o n a l  
l e n g t h s  of t u b i n g  a n d  a r e m o t e l y  o p e r a t e d  m a i n  
f l o w  c o n t r o l  v a l v e .  With c o n t r o l  o f  h y d r o g e n  f low 
t o  e a c h  i n d i v i d u a l  q u a d r a n t ,  c i r c u m f e r e n t i a l  d i s -  
t o r t i o n  w i t h  e x t e n t s  o f  go" ,  1 8 0 " ,  270", and  360" 
c o u l d  b e  g e n e r a t e d .  A l s o ,  b y  s h u t t i n g  o f f  h y d r o -  
gen f l o w  t o  s e l e c t e d  g u t t e r s ,  hub -  and  t i p - r a d i a l  
d i s t o r t i o n  p a t t e r n s  c o u l d  be g e n e r a t e d .  

A 



I n s t r u m e n t a t i o n  

The i n s t r u m e n t a t i o n  u s e d  for  t h i s  t e s t  p r o -  
g ram i s  shown i n  F i g .  3. A s c h e m a t i c  o f  t h e  
e n g i n e  and  i n s t a l l a t i o n  ( F i g .  3 ( a ) )  shows t h e  
l o c a t i o n  o f  t h e  m e a s u r i n g  s t a t i o n s  r e l a t i v e  t o  t h e  
i n l e t  d u c t  a n d  e n g i n e .  T o t a l  p r e s s u r e ,  s t a t i c  
p r e s s u r e ,  and  t o t a l  t e m p e r a t u r e  were  measured  a t  
each  s t a t i o n .  The t y p e  a n d  number o f  i n s t r u m e n t a -  
t i o n  p r o b e s  a t  e a c h  m e a s u r i n g  s t a t i o n  a r e  p r e s e n t e d  
i n  F i g .  3 ( b ) .  C l o s e - c o u p l e d  ( l i m i t e d  r e s p o n s e )  
p r e s s u r e  t r a n s d u c e r s  were  i n s t a l l e d  a t  t h e  f a n  
i n l e t ,  f a n  d u c t ,  h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t ,  
and h i g h - p r e s s u r e  c o m p r e s s o r  e x i t .  A l i m i t e d  
number o f  h i g h - r e s p o n s e  p r e s s u r e  measuremen ts  were 
a v a i l a b l e .  These measuremen ts  were made b y  o n e  
K u l i t e  t r a n s d u c e r  a t  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  
i n l e t  a n d  o n e  K u l i t e  t r a n s d u c e r  a t  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  e x i t .  

P r o c e d u r e  

The e n g i n e  was r u n  i n i t i a l l y  t o  e s t a b l i s h  
b a s e l i n e  d a t a  f o r  t h e  f a n  w i t h  n o  i n l e t  d i s t o r -  
t i o n .  F o r  t h e s e  t e s t s ,  c o n d i t i o n e d  a i r  was sup-  
p l i e d  t o  t h e  e n g i n e  i n l e t  a t  a t o t a l  p r e s s u r e  of 
6 . 6 5  p s i a  a n d  a t o t a l  t e m p e r a t u r e  of 464 O R .  

T e s t  c e l l  a l t i t u d e  p r e s s u r e  was m a i n t a i n e d  a t  
4 . 3 6  p s i a .  These c o n d i t i o n s  c o r r e s p o n d  t o  a 
f l i g h t  c o n d i t i o n  o f  3 0  000 f t  w i t h  a Mach number 
o f  0 . 8  ( e n g i n e  i n l e t  R e y n o l d s  number i n d e x  o f  
0 . 5 2 ) .  These same c o n d i t i o n s  were  used  f o r  t h e  
i n l e t  d i s t o r t i o n  t e s t s  w i t h  t h e  e x c e p t i o n  o f  t h e  
100  p e r c e n t  c o r r e c t e d  f a n  speed  d a t a  w i t h  tempera -  
t u r e  d i s t o r t i o n ,  where  a n  i n l e t  t e m p e r a t u r e  o f  
440 O R  ( e n g i n e  i n l e t  R e y n o l d s  number i n d e x  of 
0 . 5 6 )  was m a i n t a i n e d  t o  a v o i d  e n g i n e  o v e r t e m p e r a -  
t u r e .  S t a l l  d a t a  w e r e  o b t a i n e d  b y  r e d u c i n g  
e x h a u s t  n o z z l e  t h r o a t  a r e a  w h i l e  m a i n t a i n i n g  con-  
s t a n t  c o r r e c t e d  f a n  speed .  

To o b t a i n  f a n  maps a n d  s t a l l  d a t a  w i t h  
s t e a d y - s t a t e  I n l e t  t e m p e r a t u r e  d i s t o r t i o n ,  t h e  
m a g n i t u d e  a n d  e x t e n t  o f  t h e  d i s t o r t i o n  p a t t e r n  was 
e s t a b l i s h e d  by r e g u l a t i n g  h y d r o g e n  f l o w  t o  t h e  
b u r n e r .  F o r  a l l  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  
i n v e s t i g a t e d ,  t h e  t e m p e r a t u r e  i n  t h e  d i s t o r t e d  
r e g i o n  was n o m i n a l l y  50 "R above  t h e  u n d i s t o r t e d  
r e g i o n  ( A T  = 50 O R ) .  The c o r r e c t e d  f a n  speed was 
s e t  a n d  h e l d  c o n s t a n t  b y  t h e  DEEC w h i l e  t h e  f a n  
was f o r c e d  t o  o p e r a t e  a t  i n c r e a s i n g l y  h i g h e r  p r e s -  
s u r e  r a t i o s  by m a n u a l l y  r e d u c i n g  t h e  e x h a u s t  noz- 
z l e  a r e a  i n c r e m e n t a l l y  u n t i l  e n g i n e  s t a l l  o c c u r r e d .  
F o l l o w i n g  e a c h  i n c r e m e n t a l  a r e a  r e d u c t i o n ,  t h e  
e n g i n e  was a l l o w e d  t o  s t a b i l i z e  a n d  s t e a d y - s t a t e  
d a t a  w e r e  r e c o r d e d .  A f t e r  e n g i n e  s t a l l  o c c u r r e d ,  
e n g i n e  o p e r a t i o n  was r e e s t a b l i s h e d  n e a r  s t a l l ,  
w i t h  t h e  same d i s t o r t i o n  p a t t e r n  and  c o r r e c t e d  f a n  
speed ;  and  t h e  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n  was 
d e f i n e d  b y  r e c o r d i n g  d a t a  a t  s e v e r a l  b u r n e r  r o t a -  
t i o n  s e t t i n g s ,  i n  e f f e c t  m o v i n g  t h e  d i s t o r t i o n  
p a t t e r n  a c r o s s  t h e  a v a i l a b l e  i n s t r u m e n t a t i o n .  

e x t e n t  c i r c u m f e r e n t i a l  t e m p e r a t u r e  d i s t o r t i o n  p a t -  
t e r n s ,  3 6 0 " - e x t e n t  h u b - r a d i a l  and  t i p - r a d i a l  p a t -  
t e r n s ,  a 1 8 0 " - e x t e n t  c i r c u m f e r e n t i a l  p r e s s u r e  
d i s t o r t i o n  p a t t e r n ,  and  a 1 8 0 " - e x t e n t  c i r c u m f e r e n -  
t i a l  t e m p e r a t u r e  d i s t o r t i o n  comb ined  w i t h  a 180"-  
e x t e n t  c i r c u m f e r e n t i a l  t o t a l - p r e s s u r e  d i s t o r t i o n  
p r o d u c e d  by a s c r e e n  u p s t r e a m  o f  t h e  e n g i n e  i n l e t .  

S t a l l  d a t a  were  o b t a i n e d  f o r  90"- and  180" -  

These i n v e s t i g a t i o n s  were  c a r r i e d  o u t  o v e r  a r a n g e  
o f  c o r r e c t e d  f a n  speeds from 8 0  t o  100 p e r c e n t  of 
r a t e d .  

R e s u l t s  and  D i s c u s s i o n  

f a n  s e n s i t i v i t y  t o  s t e a d y - s t a t e  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n ,  i n l e t  p r e s s u r e  d i s t o r t i o n ,  and com- 
b i n e d  i n l e t  t e m p e r a t u r e  and  p r e s s u r e  d i s t a r t i o n .  
The e n g i n e  m a n u f a c t u r e r ' s  e x a m i n a t i o n  of a n a l o g  
d a t a  r e c o r d e d  f o r  e a c h  s t a l l  p o i n t  r e v e a l e d  many 
i n s t a n c e s  i n  w h i c h  t h e  f a n ,  as  i t  a p p r o a c h e d  t h e  
s t e a d y - s t a t e  s t a l l  l i n e ,  g e n e r a t e d  a flOI.4 i n s t a -  
b i l i t y  t h a t  e n t e r e d  t h e  h i g h - p r e s s u r e  c o i l p r e s s o r  
and  c a u s e d  i t  t o  s u r g e  j u s t  b e f o r e ,  or a t  t h e  
same t i m e  a s ,  t h e  f a n .  T h i s  f low i n s t a b i l i t y  was 
o b s e r v e d  o n  t h e  h i g h - r e s p o n s e  p r e s s u r e  measurement  
( K u l i t e  t r a n s d u c e r )  a t  t h e  h i g h - p r e s s u r e  ccmpres-  
s o r  i n l e t  when o p e r a t i n g  w i t h  a n  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n  p a t t e r n  t h a t  i n f l u e n c e d  t h i s  h i g h -  
r e s p o n s e  measuremen t .  S i n c e  f low i n s t a b i l i t i e s  
h a v e  no t  been  o b s e r v e d  i n  o t h e r  t e s t s  w i t h  s i m i l a r  
t e m p e r a t u r e  d i s t o r t i o n  g e n e r a t o r s ,  i t  a p p e a r s  t h a t  
n e a r - s t a l l  o p e r a t i o n  o f  t h e  f a n  i s  t h e  cause  o f  
t h e  f low i n s t a b i  1 i t y .  

T y p i c a l  d i s t o r t i o n  p a t t e r n s  t h a t  e x i s t e d  a t  
n e a r - s t a l l  c o n d i t i o n s  a r e  p r e s e n t e d  f o r  each  d i s -  
t o r t i o n  p a t t e r n  t e s t e d .  Fan maps s h o w i n g  t h e  
e f f e c t  o f  i n l e t  d i s t o r t i o n  on t h e  s t a l l  l i n e  a r e  
i n c l u d e d  f o r  t h e  v a r i o u s  d i s t o r t i o n  p a t t e r n s .  

T h i s  t e s t  p r o g r a m  was d e s i g n e d  t o  d e t e r m i n e  

Component  Maps With U n i f o r m  I n l e t  F l o w  

The f a n  and  h i g h - p r e s s u r e  c o m p r e s s o r  maps 
w i t h o u t  i n l e t  f low d i s t o r t i o n  a r e  shown i n  F i g s .  4 
and  5. r e s p e c t i v e l y .  Fan  s t a l l s  were o b t a i n e d  a t  
80.0, 9 0 . 1 ,  and  1 0 0 . 2  p e r c e n t  o f  r a t e d  c o r r e c t e d  
f a n  speed  b y  m a n u a l l y  r e d u c i n g  e x h a u s t  n o z z l e  
t h r o a t  a r e a  w h i l e  t h e  DEEC m a i n t a i n e d  c o n s t a n t  
c o r r e c t e d  s p e e d .  The s t a l l  p o i n t s  were  e x t r a p o -  
l a t e d  from d a t a  p l o t s  o f  p r e s s u r e  r a t i o  and  c o r -  
r e c t e d  a i r f l o w  a s  a f u n c t i o n  o f  e x h a u s t  n o z z l e  
t h r o a t  a r e a .  The h i g h - p r e s s u r e  c o m p r e s s o r  map 
( F i g .  5) was g e n e r a t e d  from d a t a  o b t a i n e d  i n  
a n o t h e r  t e s t  p r o g r a m  w i t h  t h e  same e n g i n e  where  
a n  in f low b l e e d  s y s t e m  was u s e d  t o  b a c k p r e s s u r e  
t h e  c o m p r e s s o r  a t  c o n s t a n t  c o r r e c t e d  speed .  The 
p r o g r a m  i n  w h i c h  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  map 
was g e n e r a t e d  was i n t e r e s t e d  p r i m a r i l y  i n  s u b i d l e  
speed  o p e r a t i o n ,  so t h e  speed  r a n g e s  of t h e  two 
maps do n o t  c o i n c i d e :  t h e  h i g h e s t  c o r r e c t e d  h i g h -  
p r e s s u r e  c o m p r e s z o r  speed  matches  a p p r o x i m a t e l y  
w i t h  t h e  l o w e s t  c o r r e c t e d  f a n  speed t e s t e d .  

I n l e t  T e m p e r a t u r e  P r o f i l e s  

Examp les  o f  t y p i c a l  f a n  and  h i g h - p r e s s u r e  
c o m p r e s s o r  i n l e t  t e m p e r a t u r e  d i s t o r t i o n  p r o f i l e s  
a r e  shown i n  F i g s .  6 t o  9 .  T a b l e s  1 and  2 c o n t a i n  
a c o m p l e t e  d e s c r i p t i o n  o f  a l l  t h e  t e m p e r a t u r e  d i s -  
t o r t i o n  p a t t e r n s  t e s t e d .  The c i r c u m f e r e n t i a l  one -  
p e r - r e v o l u t i o n  a n d  h u b - r a d i a l  p a t t e r n s  ( F i g s .  6 t c  
8)  w e r e  r e c o r d e d  a t  8 0  p e r c e n t  c o r r e c t e d  f a n  speed 
w i t h  t h e  e x h a u s t  n o z z l e  t h r o a t  a r e a  a p p r o x i m a t e l y  
0.1 f t 2  l a r g e r  t h a n  was r e q u i r e d  t o  i n i t i a t e  s t a l l .  
The t i p - r a d i a l  p a t t e r n  ( F i g .  9 )  was r e c o r d e d  a t  
9 0  p e r c e n t  c o r r e c t e d  f a n  speed w i t h  t h e  e x h a u s t  
n o z z l e  0 . 1 6  f t2 l a r g e r  t h a n  r e q u i r e d  f o r  s t a l l .  
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The s t e a d y - s t a t e  s p a t i a l  t e m p e r a t u r e  d i s t o r -  
t i o n  p a t t e r n s  a r e  d e s c r i b e d  i n  t e r m s  o f  c i r c u m f e r -  
e n t i a l  e x t e n t ,  c i r c u m f e r e n t i a l  i n t e n s i t y ,  and  
r a d i a l  i n t e n s i t y .  These d e s c r i p t o r s ,  s i m i l a r  to 
t h o s e  d e f i n e d  f o r  i n l e t  p r e s s u r e  d i s t o r t i o n  i n  
R e f s .  22 and  23 ,  a r e  o b t a i n e d  b y  s u b s t i t u t i n g  h i g h  
t e m p e r a t u r e  f o r  low p r e s s u r e  as t n e  d e s t a b i l i z i n g  
f a c t o r .  The e x t e n t  d e s c r i p t o r  i s  an i n d i c a t i o n  o f  
t h e  c i r c u m f e r e n t i a l  s i z e  o f  t h e  h i g h - t e m p e r a t u r e  
r e g i o n ,  and  t h e  i n t e n s i t y  d e s c r i p t o r s  a r e  i n d i c a -  
t i o n s  o f  t h e  m a g n i t u d e  o f  t h e  t e m p e r a t u r e  d i s t o r -  
t i o n .  The d i s t o r t i o n  p a t t e r n  e x t e n t  i s  d e f i n e d  as  
t h e  c i r c u m f e r e n t i a l  e x t e n t  o f  t h e  h i g h - t e m p e r a t u r e  
r e g i o n  o b t a i n e d  from a l i n e a r  i n t e r p o l a t i o n  o f  t h e  
c i r c u m f e r e n t i a l  p r o f i l e  and  i t s  i n t e r s e c t i o n  w i t h  
t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  p r o f i l e .  The c i r -  
c u m f e r e n t i a l  i n t e n s i t y ,  ( d T C / T ) ,  i s  d e f i n e d  as t h e  
d i f f e r e n c e  be tween  t h e  h i g h - t e m p e r a t u r e  r e g i o n  
a v e r a g e  t e m p e r a t u r e  and  t h e  p r o f i l e  a v e r a g e  temper -  
a t u r e  r a t i o e d  t o  t h e  p r o f i l e  a v e r a g e  t e m p e r a t u r e .  
The r a d i a l  t e m p e r a t u r e  d i s t o r t i o n  i n t e n s i t y ,  
( d T R / T ) ,  i s  d e f i n e d  as  t h e  d i f f e r e n c e  b e t w e e n  t h e  
maximum h i g h  t e m p e r a t u r e  i n  t h e  r a d i a l  p r o f i l e  and  
t h e  p r o f i l e  a v e r a g e  t e m p e r a t u r e  r a t i o e d  t o  t h e  
p r o f i l e  a v e r a g e  t e m p e r a t u r e .  

b y  b u r n i n g  i n  o n e  q u a d r a n t  of t h e  h y d r o g e n  b u r n e r  
i s  shown i n  F i g .  6 .  Based o n  t h e  a b o v e  d e f i n i -  
t i o n s ,  t h e  d i s t o r t i o n  a t  t h e  f a n  i n l e t  has  an 
e x t e n t  of 132"  w i t h  a c i r c u m f e r e n t i a l  i n t e n s i t y  o f  
0 . 0 4 5  and  a r a d i a l  i n t e n s i t y  o f  0.006. The  c i r -  
c u m f e r e n t i a l  i n t e n s i t y  does  n o t  r e f l e c t  t h e  t r u e  
v a l u e ,  w h i c h  may be s l i g h t l y  h i g h e r ,  b e c a u s e  t h e  
i n s t r u m e n t a t i o n  was l o c a t e d  s u c h  t h a t  e v e n  w i t h  
b u r n e r  r o t a t i o n  p e a k  t e m p e r a t u r e s  were  n o t  meas- 
u r e d .  The shape o f  t h e  a c t u a l  p a t t e r n  a t  t h e  f a n  
i n l e t  i s  more l i k e  t h a t  shown f o r  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  i n l e t  ( F i g .  6 ( b ) ) .  The t e m p e r a t u r e  
d i s t o r t i o n  p a t t e r n ,  w h i c h  f o l l o w s  a p a r t i c l e  p a t h  
t h r o u g h  t h e  f a n ,  i s  r o t a t e d  a p p r o x i m a t e l y  7 0 "  i n  
t h e  d i r e c t i o n  of rotor r o t a t i o n  as  i t  p a s s e s  
t h r o u g h  t h e  f a n .  A t  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  
i n l e t ,  t h e  d i s t o r t i o n  has a c i r c u m f e r e n t i a l  e x t e n t  
o f  118"  w i t h  c i r c u m f e r e n t i a l  a n d  r a d i a l  i n t e n s i -  
t i e s  o f  0 . 0 3 8  a n d  0.011, r e s p e c t i v e l y .  

The s p a t i a l  t e m p e r a t u r e  d i s t o r t i o n  p r o d u c e d  

F i g u r e  7 shows t h e  t e m p e r a t u r e  d i s t o r t i o n  
p r o f i l e s  p r o d u c e d  b y  b u r n i n g  i n  two a d j a c e n t  quad-  
r a n t s  o f  t h e  h y d r o g e n  b u r n e r  i n  a n  a t t e m p t  t o  c r e -  
a t e  a 1 8 0 " - e x t e n t  c i r c u m f e r e n t i a l  p a t t e r n .  The 
p r o f i l e  a t  t h e  f a n  i n l e t  has  a n  e x t e n t  o f  180"  
w i t h  a c i r c u m f e r e n t i a l  i n t e n s i t y  o f  0 . 0 4 7  and  a 
r a d i a l  i n t e n s i t y  o f  0.009. H e r e  a g a i n ,  t h e  tem- 
p e r a t u r e  d i s t o r t i o n  p a t t e r n  r o t a t e s  a p p r o x i m a t e l y  
70" w h i l e  p a s s i n g  t h r o u g h  t h e  f a n .  A t  t h e  h i g h -  
p r e s s u r e  c o m p r e s s o r  i n l e t  t h e  p r o f i l e  has  a n  
e x t e n t  o f  192" .  The a c t u a l  e x t e n t ,  h o w e v e r ,  i s  
p r o b a b l y  c l o s e r  t o  1 8 0 ° ,  b u t  s u f f i c i e n t  i n s t r u m e n -  
t a t i o n  was n o t  a v a i l a b l e  t o  c o m p l e t e l y  d e f i n e  t h e  
p r o f i l e  a t  t h i s  s t a t i o n .  The c i r c u m f e r e n t i a l  and  
r a d i a l  i n t e n s i t i e s  a t  t h e  h i g h - p r e s s u r e  compres -  
s o r  i n l e t  a r e  0 . 0 4 3  and  0.010, r e s p e c t i v e l y .  
Based o n  t h e  c i r c u m f e r e n t i a l  i n t e n s i t i e s  i n  
T a b l e  1, t h e  d i s t o r t i o n  a m p l i t u d e  a t  t h e  f a n  
i n l e t  i s  a t t e n u a t e d  b y  a n  a v e r a g e  o f  a p p r o x i m a t e l y  
15 p e r c e n t  b e f o r e  i t  r e a c h e s  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  i n l e t .  

The c i r c u m f e r e n t i a l  and  r a d i a l  t e m p e r a t u r e  
p r o f i l e s  a t  t h e  f a n  a n d  h i g h - p r e s s u r e  c o m p r e s s o r  
i n l e t s  for a h u b - r a d i a l  d i s t o r t i o n  a r e  p r e s e n t e d  
i n  F i g .  8 .  The c i r c u m f e r e n t i a l  p r o f i l e s  e x h i b i t  

m u l t i p l e  low i n t e n s i t y  ( l e s s  t h a n  1 p e r c e n t )  h i g h -  
t e m p e r a t u r e  r e g i o n s .  The d i s t o r t i o n  d e s c r i p t o r s  
f o r  t h i s  t y p e  o f  m u l t i p l e - p e r - r e v o l u t i o n  ( M P R )  
d i s t o r t i o n  p a t t e r n  a r e  a l s o  s i m i l a r  t o  t h o s e  
d e f i n e d  i n  R e f s .  22 and 2 3 .  The e x t e n t  and  i n t e n -  
s i t y  o f  t h e  c i r c u m f e r e n t i a l  d i s t o r t i o n  c o r r e s p o n d  
to  t h e  r e g i o n  t h a t  has  t h e  h i g h e s t  p r o d u c t  o f  
e x t e n t  and  i n t e n s i t y .  A l s o  i n c l u d e d  i n  t h e  p a t -  
t e r n  d e s c r i p t i o n  i s  an M P R  f a c t o r  w h i c h  i s  d e f i n e d  
as  t h e  number o f  e q u i v a l e n t  h i g h - t e m p e r a t u r e  
r e g i o n s  based  o n  t h e  r a t i o  o f  t h e  sum o f  t h e  p r o -  
d u c t s  o f  t h e  e x t e n t s  and  i n t e n s i t i e s  f o r  each  
h i g h - t e m p e r a t u r e  r e g i o n ,  t o  t h e  r e g i o n  w i t h  t h e  
l a r g e s t  p r o d u c t  o f  e x t e n t  and  i n t e n s i t y .  Based o n  
t h e s e  d e s c r i p t o r s  and  t h o s e  d e f i n e d  p r e v i o u s l y ,  
t h e  c i r c u m f e r e n t i a l  d i s t o r t i o n  a t  t h e  f a n  i n l e t  
has a n  e x t e n t  o f  100" d e g r e e s ,  a c i r c u m f e r e n t i a l  
i n t e n s i t y  o f  0.008, and  a n  MPR f a c t o r  o f  1 . 5 6 3 .  
The r a d i a l  t e m p e r a t u r e  d i s t o r t i o n  i n t e n s i t y  i s  
0 . 0 7 2 .  A t  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t  
( F i g .  8 ( b ) ) ,  t h e  r a d i a l  i n t e n s i t y  i s  0 . 0 6 9  and  t h e  
c i r c u m f e r e n t i a l  e x t e n t  i s  108"  w i t h  a n  i n t e n s i t y  
o f  0.007 and  a n  MPR o f  1 . 0 8 5 .  A l t h o u g h  t h i s  i s  an 
a t t e n u a t i o n  o f  a p p r o x i m a t e l y  4 p e r c e n t  b e t w e e n  t h e  
f a n  i n l e t  and  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t ,  
t h e  a t t e n u a t i o n  o f  r a d i a l  t e m p e r a t u r e  d i s t o r t i o n  
for  a l l  t h e  h u b - r a d i a l  p a t t e r n s  l i s t e d  i n  T a b l e  1 
r a n g e s  from 4 t o  17 p e r c e n t .  

The t i p - r a d i a l  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n  
( F i g .  9)  e x h i b i t s  t h e  same c i r c u m f e r e n t i a l  c h a r a c -  
t e r i s t i c s  as  t h e  h u b - r a d i a l  p a t t e r n  i n  t h a t  a low- 
i n t e n s i t y  MPR d i s t o r t i o n  e x i s t s  a t  t h e  f a n  and  
h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t s .  The r a d i a l  d i s -  
t o r t i o n  a t  t h e  f a n  i n l e t  i s  c o n f i n e d  t o  t h e  b l a d e -  
t i p  r e g i o n  a n d ,  as  e x p e c t e d ,  i s  n o t  p r e s e n t  a t  t h e  
h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t .  A t  t h e  f a n  i n l e t ,  
t h e  d i s t o r t i o n  has  a n  e x t e n t  o f  139" ,  a c i r c u m f e r -  
e n t i a l  i n t e n s i t y  o f  0.009, and  a n  MPR of 1 . 3 5 3 .  
The r a d i a l  i n t e n s i t y  i s  0 . 0 3 4 .  The d i s t o r t i o n  
t r a n s f e r r e d  t h r o u g h  t h e  f a n  t o  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  i n l e t  has  a n  e x t e n t  o f  1 0 7 " ,  a n  MPR o f  
1 . 8 4 4 ,  and  c i r c u m f e r e n t i a l  and  r a d i a l  i n t e n s i t i e s  
o f  0 . 0 1 0  and  0 . 0 1 3 ,  r e s p e c t i v e l y .  

I n  g e n e r a l ,  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  
p r o d u c e d  b y  t h e  h y d r o g e n  b u r n e r  w e r e  of t h e  t y p e  
d e s i r e d .  The c i r c u m f e r e n t i a l  p a t t e r n s  e x h i b i t e d  
v e r y  s m a l l  r a d i a l  componen ts  and ,  l i k e w i s e ,  t h e  
r a d i a l  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  c o n t a i n e d  
v e r y  l i t t l e  c i r c u m f e r e n t i a l  d i s to r t i on .  

C i r c u m f e r e n t i a l  I n l e t  T e m p e r a t u r e  D i s t o r t i o n  

C i r c u m f e r e n t i a l  o n e - p e r - r e v o l u t i o n  i n l e t  
t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  of two e x t e n t s  
were  g e n e r a t e d  b y  h e a t i n g  t h e  i n l e t  a i r f l o w  w i t h  
e i t h e r  o n e  b u r n e r  q u a d r a n t  or two a d j a c e n t  b u r n e r  
q u a d r a n t s .  The t e s t s  w e r e  c o n d u c t e d  f o r  b o t h  
e x t e n t s  w i t h  t h e  d i s t o r t i o n  i n  t h e  t o p  and  b o t t o m  
r e g i o n s  o f  t h e  f a n  i n l e t  i n  a n  a t t e m p t  t o  d e t e r -  
m i n e  t h e  e f f e c t  o n  f a n  s t a b i l i t y  o f  t h e  l o c a t i o n  
o f  f a n  i n l e t  t e m p e r a t u r e  s e n s o r s  u s e d  f o r  s c h e d u l -  
i n g  v a r i a b l e  g e o m e t r y .  I n  a l l  c a s e s  t h e  h e a t e d  
r e g i o n s  w e r e  a p p r o x i m a t e l y  50  " R  h o t t e r  t h a n  
u n h e a t e d  r e g i o n s ,  w h i c h  r e s u l t e d  i n  d i s t o r t i o n  
i n t e n s i t i e s  t h a t  were n e a r l y  c o n s t a n t  t h r o u g h o u t  
t h e  t e s t  p r o g r a m .  D e s c r i p t o r s  o f  a l l  t h e  c i r c u m -  
f e r e n t i a l  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  t e s t e d  
a r e  shown i n  T a b l e  1 .  The e n t r i e s  m i s s i n g  from 
T a b l e  1 were  n o t  a v a i l a b l e  because  p r o f i l e  i n f o r -  
m a t i o n  ( b a s e d  o n  b u r n e r  r o t a t i o n  d a t a )  was n o t  



r e c o r d e d .  I n  t h e  c a s e  where  h i g h - p r e s s u r e  compres-  
s o r  i n l e t  c o n d i t i o n s  a r e  m i s s i n g  ( q u a d r a n t  2 ) ,  t h e  
i n s t r u m e n t a t i o n  a t  t h a t  s t a t i o n  was i n s u f f i c i e n t  
t o  d e t e c t  t h e  d i s t o r t i o n  p a t t e r n .  W i t h  t h e  s m a l l  
v a r i a t i o n s  i n  e x t e n t  and  i n t e n s i t y  among t h e  p a t -  
t e r n s ,  d a t a  c o r r e l a t i o n s  c o u l d  b e  made b y  assum- 
i n g  a m i s s i n g  e n t r y  c o u l d  be r e p l a c e d  b y  t h e  
v a l u e  above  i t .  

The r e s u l t s  o f  o p e r a t i o n  w i t h  f a n  i n l e t  c i r -  
c u m f e r e n t i a l  t e m p e r a t u r e  d i s t o r t i o n  i n d i c a t e d  t h a t  
as  t h e  f a n  a p p r o a c h e d  i t s  s t e a d y - s t a t e  s t a l l  l i n e  
a f low i n s t a b i l i t y  was g e n e r a t e d .  The f low i n s t a -  
b i l i t y  g e n e r a t e d  b y  t h e  f a n  c a u s e d  t h e  h i g h -  
p r e s s u r e  c o m p r e s s o r  t o  s u r g e  j u s t  b e f o r e ,  or  n e a r l y  
a t  t h e  same t i m e  a s ,  t h e  f a n .  T a b l e  1 l i s t s  t h e  
h i g h - p r e s s u r e  c o m p r e s s o r  c o r r e c t e d  speeds o f  t h e  
l a s t  s t e a d y - s t a t e  d a t a  p o i n t  r e c o r d e d  b e f o r e  
s t a l l ,  whereas  t h e  f a n  speeds a r e  t h e  c o n s t a n t  
v a l u e s  m a i n t a i n e d  d u r i n g  t h e  e x h a u s t  n o z z l e  a r e a  
r e d u c t i o n .  I t  s h o u l d  be n o t e d  t h a t ,  a l t h o u g h  c o r -  
r e c t e d  f a n  speed was h e l d  c o n s t a n t  d u r i n g  t h e  noz -  
z l e  a r e a  r e d u c t i o n ,  t h e  r e m a t c h  o f  t h e  f a n  and  
c o m p r e s s o r  r e s u l t e d  i n  a n  i n c r e a s e  o f  c o r r e c t e d  
h i g h - p r e s s u r e  c o m p r e s s o r  speed .  

The f a c t  t h a t  t h e  f a n  was o p e r a t i n g  n e a r  
s t a l l  p r i o r  t o  e n g i n e  s u r g e  c a n  be i l l u s t r a t e d  b y  
u s i n g  s i m p l e  p a r a l l e l  c o m p r e s s o r  t h e o r y .  T h i s  
t h e o r y  assumes t h a t  a c o m p r e s s o r  c a n  be s e p a r a t e d  
i n t o  a d i s c r e t e  number o f  p a r a l l e l  f low p a t h s  
o p e r a t i n g  a t  t h e  same m e c h a n i c a l  speed  and  e x i t  
s t a t i c  p r e s s u r e ,  b u t  w i t h  d i f f e r e n t  i n l e t  t o t a l  
p r e s s u r e s  and  t e m p e r a t u r e s .  The p e r f o r m a n c e  of 
e a c h  segment  i s  assumed t o  be t h e  same as  t h a t  
o b t a i n e d  w i t h  un i form f low c o n d i t i o n s  a t  t h e  seg- 
m e n t  i n l e t .  Each segment  may o p e r a t e  w i t h  a d i f -  
f e r e n t  c o r r e c t e d  speed ,  o p e r a t i n g  p o i n t ,  and  s t a l l  
m a r g i n .  S t a l l  i n i t i a t e s  when a n y  o f  t h e  segmen ts  
i s  f o r c e d  t o  o p e r a t e  above  t h e  s t a l l  l i n e  d e f i n e d  
w i t h  u n i f o r m  i n l e t  f low. 

The e x c u r s i o n  o f  t h e  f a n  o p e r a t i n g  p o i n t  d u r -  
i n g  t h e  e x h a u s t  n o z z l e  a r e a  r e d u c t i o n ,  w i t h  a 
1 8 0 " - e x t e n t  c i r c u m f e r e n t i a l  d i s t o r t i o n ,  i s  shown 
i n  F i g .  10. The d i s t o r t i o n  p a t t e r n  d e s c r i p t o r s  
a r e  g i v e n  i n  T a b l e  1 as  p a t t e r n  number 7 .  Fan 
speed  was h e l d  c o n s t a n t  a t  9 1 . 3  p e r c e n t  c o r r e c t e d  
as  shown b y  t h e  a v e r a g e  o p e r a t i n g  p o i n t s  of 
. F i g .  10. D u r i n g  t h i s  e x h a u s t  nozzle a r e a  r e d u c -  
t i o n ,  t h e  c o r r e c t e d  speed  o f  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  i n c r e a s e d  f r o m  9 4 . 8  t o  9 6 . 0  p e r c e n t ,  
w h i l e  t h e  a v e r a g e  h i g h - p r e s s u r e  c o m p r e s s o r  o p e r a t -  
i n g  p o i n t  moved a l o n g  i t s  o p e r a t i n g  l i n e .  The f a n  
o p e r a t i n g  p o i n t s  a r e  p l o t t e d  o n  t h e  component  map 
o b t a i n e d  w i t h  u n i f o r m  i n l e t  f low. S p l i t t i n g  t h e  
f a n  i n t o  two segments  u s i n g  p a r a l l e l  c o m p r e s s o r  
t h e o r y  r e s u l t e d  i n  t h e  h o t - s i d e  a n d  c o l d - s i d e  c o r -  
r e c t e d  f a n  speed  l i n e s  shown i n  F i g .  10. The h o t  
and  c o l d  s i d e s  o p e r a t e  a t  t h e  same p r e s s u r e  r a t i o  
as  t h e  a v e r a g e  p o i n t s ,  b u t  w i t h  d i f f e r e n t  i n l e t  
t e m p e r a t u r e s  and ,  t h e r e f o r e ,  d i f f e r e n t  c o r r e c t e d  
speeds .  T h i s  f o r c e s  t h e  segment  w i t h  t h e  h igh  
i n l e t  t e m p e r a t u r e  t o  a p p r o a c h  t h e  s t e a d y - s t a t e  
s t a l l  l i n e  as  t h e  e x h a u s t  n o z z l e  a r e a  i s  r e d u c e d .  
F o r  t h e  a v e r a g e  s t e a d y - s t a t e  s t a l l  p o i n t  ( f l a g g e d  
symbol  i n  F i g .  l o ) ,  t h e  h e a t e d  p o r t i o n  o f  t h e  f a n  
i s  o p e r a t i n g  above  t h e  s t e a d y - s t a t e  s t a l l  l i n e  
w i t h  u n i f o r m  i n l e t  f low. 

Fan  maps s h o w i n g  t h e  e f f e c t  of s i n g l e  quad-  
r a n t  b u r n e r  h e a t i n g  o n  f a n  p e r f o r m a n c e  a r e  p r e -  
s e n t e d  i n  F i g s .  1 1  and  12 .  The r e s u l t s  shown i n  

F i g .  11  o c c u r e d  w i t h  t h e  t e m p e r a t u r e  d i s t o r t i o n  
i n  q u a d r a n t  4 a t  t h e  f a n  i n l e t  ( u n h e a t e d  i n l e t  
t e m p e r a t u r e  s e n s o r s )  whereas  F i g .  12 p r e s e n t s  
r e s u l t s  w i t h  h e a t i n g  i n  q u a d r a n t  2 ( h e a t e d  i n l e t  
t e m p e r a t u r e  s e n s o r s ) .  I n  b o t h  f i g u r e s ,  i t  i s  e v i -  
d e n t  t h a t  t h e  i n l e t  t e m p e r a t u r e  d i s t o r t i o n  c a u s e s  
a l o s s  i n  f a n  s t a l l  p r e s s u r e  r a t i o  (measured  a t  
c o n s t a n t  c o r r e c t e d  a i r f l o w )  a t  a l l  s p e e d s .  I n  
F i g .  1 1  t h e  loss i n  f a n  s t a l l  p r e s s u r e  r a t i o  a t  
78 .9 ,  88 .9 ,  and  9 9 . 0  p e r c e n t  c o r r e c t e d  speed  i s  
8 . 1 ,  6 . 6 ,  a n d  6 . 4  p e r c e n t  r e s p e c t i v e l y ,  for  a c i r -  
c u m f e r e n t i a l  i n l e t  t e m p e r a t u r e  d i s t o r t i o n  w i t h  a n  
e x t e n t  of 133"  and  a m a g n i t u d e  of 4 . 5  p e r c e n t  
( p a t t e r n s  1 ,  2 ,  a n d  3 o f  T a b l e  1 ) .  From F i g .  12 ,  
t h e  l o s s  of f a n  s t a l l  p r e s s u r e  r a t i o  a t  82 .7  and  
9 2 . 9  p e r c e n t  c o r r e c t e d  speed  i s  9 . 4  and  
9 . 3  p e r c e n t  r e s p e c t i v e l y ,  for p a t t e r n s  4 and  5 o f  
T a b l e  1 .  

o n  f a n  p e r f o r m a n c e  of o p e r a t i n g  w i t h  h e a t i n g  i n  
two a d j a c e n t  q u a d r a n t s  o f  t h e  b u r n e r .  When t h e  
i n l e t  t e m p e r a t u r e  s e n s o r s  a r e  u n h e a t e d  ( F i g .  1 3 ) ,  
t h e  i n l e t  d i s t o r t i o n  ( p a t t e r n s  9 t o  11 o f  T a b l e  1 )  
causes  f a n  s t a l l  p r e s s u r e  r a t i o  l o s s e s  of 1 3 . 2 ,  9 . 5 ,  
a n d  6 . 3  p e r c e n t  a t  78 .0 ,  8 8 . 0 ,  and  9 7 . 7  p e r c e n t  
c o r r e c t e d  speed  r e s p e c t i v e l y .  W i t h  t h e  i n l e t  
t e m p e r a t u r e  s e n s o r s  h e a t e d  b y  t h e  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n  ( F i g .  1 4 ) ,  t h e  r e s u l t i n g  loss  i n  f a n  
s t a l l  p r e s s u r e  r a t i o  i s  10.6, 8 . 7 ,  and  6 . 6  p e r c e n t  
a t  8 1 . 1 ,  9 1 . 3 ,  and  102.0 p e r c e n t  c o r r e c t e d  speed  
r e s p e c t i v e l y .  

A s  m e n t i o n e d  e a r l i e r ,  one  o f  t h e  o b j e c t i v e s  
of t h e  t e s t  p r o g r a m  was t o  d e t e r m i n e  t h e  e f f e c t  
o f  f a n  i n l e t  t e m p e r a t u r e  s e n s o r  l o c a t i o n  o n  s t a -  
b i l i t y .  When t h e  s e n s o r s  d e t e c t  e i t h e r  t h e  h o t  
or c o l d  p a r t  o f  t h e  d i s t o r t e d  f low, t h e  c o n t r o l  
a d j u s t s  v a r i a b l e  g e o m e t r y  a c c o r d i n g l y ;  and  changes  
t h e  f a n  s t a l l  m a r g i n  d i f f e r e n t l y  from when t h e  
s e n s o r s  d e t e c t  t h e  a v e r a g e  t e m p e r a t u r e .  
PW1128 e n g i n e  h a s  i n l e t  t e m p e r a t u r e  s e n s o r s  l o c a t -  
e d  i n  t h e  b o t t o m  h a l f  o f  t h e  f a n  i n l e t .  B o t h  s i n -  
g l e  q u a d r a n t  a n d  a d j a c e n t  q u a d r a n t  h e a t i n g  was 
t e s t e d  w i t h  t h e  d i s t o r t i o n  i n  t h e  t o p  a n d  b o t t o m  
a t  t h e  f a n  i n l e t .  C o m p a r i s o n  o f  F i g .  13  w i t h  
F i g .  1 4  shows t h a t ,  for a 1 8 0 " - e x t e n t  t e m p e r a t u r e  
d i s t o r t i o n  a t  t h e  low c o r r e c t e d  f a n  speeds  ( 7 8 . 0  
t o  81 .1  p e r c e n t ) ,  a g r e a t e r  l o s s  i n  s t a l l  p r e s -  
s u r e  r a t i o  occurs when t h e  s e n s o r s  a r e  l o c a t e d  
o u t s i d e  t h e  t e m p e r a t u r e  d i s t o r t i o n  ( u n h e a t e d ) .  
S i m i l a r  r e s u l t s  h a v e  b e e n  r e p ~ r t e d . ~  

S i m l l a r l y ,  F i g s .  1 3  a n d  14  p r e s e n t  t h e  e f f e c t  

The 

R a d i a l  I n l e t  T e m p e r a t u r e  D i s t o r t i o n  

The hub-  a n d  t i p - r a d i a l  i n l e t  t e m p e r a t u r e  
d i s t o r t i o n  p a t t e r n s  t h a t  were  t e s t e d  w i t h  t h e  
PW1128 e n g i n e  a r e  d e s c r i b e d  i n  T a b l e  2 .  B o t h  
t y p e s  of r a d i a l  p a t t e r n s  e x h i b i t  low l e v e l s  o f  
MPR c i r c u m f e r e n t i a l  d i s t o r t i o n  s i m i l a r  t o  t h a t  
shown i n  F i g s .  8 and  9 .  The t i p - r a d i a l  p a t t e r n  i s  
not  t r a n s f e r r e d  t o  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  
i n l e t ,  whereas  t h e  h u b - r a d i a l  d i s t o r t i o n  p a s s e s  
t h r o u g h  t h e  f a n  and  a p p e a r s  a t  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  i n l e t ,  a t t e n u a t e d  from 4 p e r c e n t  a t  t h e  
low speed  t o  17  p e r c e n t  a t  t h e  h i g h e s t  speed  
t e s t e d .  E n t r i e s  not a p p e a r i n g  i n  T a b l e  2 w e r e  
o m i t t e d  b e c a u s e  p a t t e r n  d e f i n i t i o n  from b u r n e r  
r o t a t i o n s  was n o t  r e c o r d e d ,  and  t h e  l i m i t e d  i n s t r u -  
m e n t a t i o n  a t  b o t h  f a n  a n d  h i g h - p r e s s u r e  c o m p r e s s o r  
i n l e t  s t a t i o n s  was i n s u f f i c i e n t  t o  a c c u r a t e l y  
d e f i n e  t h e  l o w - l e v e l  MPR c i r c u m f e r e n t i a l  c o n t e n t .  
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A s  was t h e  case  w i t h  c i r c u m f e r e n t i a l  t empera -  
t u r e  d i s t o r t i o n ,  r a d i a l  i n l e t  t e m p e r a t u r e  d i s t o r -  
t i o n s  r e s u l t e d  i n  a l o s s  i n  f a n  s t a l l  p r e s s u r e  
r a t i o .  I n  some i n s t a n c e s ,  a f low i n s t a b i l i t y  gen- 
e r a t e d  b y  t h e  f a n  o p e r a t i n g  n e a r  s t a l l  ( s i m i l a r  t o  
t h a t  r e c o r d e d  w i t h  c i r c u m f e r e n t i a l  t e m p e r a t u r e  
d i s t o r t i o n )  was o b s e r v e d  a n d  c a u s e d  t h e  h i g h -  
p r e s s u r e  c o m p r e s s o r  t o  s t a l l  j u s t  b e f o r e ,  or n e a r  
t h e  same t i m e  a s ,  t h e  f a n .  The h i g h - p r e s s u r e  com- 
p r e s s o r  speeds l i s t e d  i n  T a b l e  2 a r e  t h o s e  o f  t h e  
l a s t  s t e a d y - s t a t e  d a t a  p o i n t  r e c o r d e d  b e f o r e  
s t a l l .  

The r e s u l t s  w i t h  t i p - r a d i a l  t e m p e r a t u r e  d i s -  
t o r t i o n  a r e  shown o n  t h e  f a n  map o f  F i g .  1 5 .  Fan 
s t a l l s  o c c u r r e d  a t  c o n s t a n t  c o r r e c t e d  f a n  speeds 
o f  8 0 . 8  and  9 1 . 2  p e r c e n t .  A t  9 6 . 2  p e r c e n t  speed ,  
a f low i n s t a b i l i t y  g e n e r a t e d  b y  t h e  f a n  was n o t  
o b s e r v e d ,  b u t  i t  a p p e a r s  t h a t  s t a l l  was i n i t i a t e d  
i n  t h e  h i g h - p r e s s u r e  c o m p r e s s o r ;  t h e r e f o r e ,  a f a n  
s t a l l  p o i n t  i s  n o t  i n c l u d e d  f o r  t h e  h i g h  c o r r e c t e d  
speed ,  a l t h o u g h  i t  i s  b e l i e v e d  t h e  f a n  was o p e r a t -  
i n g  c l o s e  t o  i t s  s t e a d y - s t a t e  l i m i t .  The h i g h -  
p r e s s u r e  c o m p r e s s o r  s t a l l  a t  t h e  h i g h  speed may be 
due t o  t h e  i n c r e a s e d  c i r c u m f e r e n t i a l  i n t e n s i t y  o f  
d i s t o r t i o n  p a t t e r n  3 a t  t h e  h i g h - p r e s s u r e  compres -  
s o r  i n l e t  ( 0 . 0 1 6  compared  t o  0.010 or l e s s  for 
p a t t e r n s  1 a n d  2 ) ,  s i n c e  t h e  r a d i a l  c o n t e n t  a t  t h e  
h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t  i s  a b o u t  t h e  same 
as  p a t t e r n  2 .  F o r  t h e  f a n ,  t h e  t i p - r a d i a l  t emper -  
a t u r e  d i s t o r t i o n  a t  8 0 . 8  p e r c e n t  speed  ( p a t t e r n  1 ,  
T a b l e  2 )  r e s u l t e d  i n  a l o s s  o f  s t a l l  p r e s s u r e  
r a t i o  ( A P R S )  o f  10.6 p e r c e n t ,  d e f i n e d  a t  c o n s t a n t  
c o r r e c t e d  a i r f l o w  as  i n  R e f s .  22 a n d  2 3 .  A t  
9 1 . 2  p e r c e n t  c o r r e c t e d  speed ,  p a t t e r n  2 o f  T a b l e  2 
c a u s e d  a APRS o f  5 .7  p e r c e n t .  

R e s u l t s  w i t h  3 6 0 " - e x t e n t  h u b - r a d i a l  t empera -  
t u r e  d i s t o r t i o n  a r e  shown i n  F i g .  1 6 .  A t  e a c h  
speed ,  s t a l l  i n i t i a t e d  i n  t h e  f a n  w i t h  d i s t o r t i o n  
p a t t e r n s  4,  5 ,  a n d  6 ( T a b l e  2 ) .  The h u b - r a d i a l  
t e m p e r a t u r e  d i s t o r t i o n  c a u s e d  f a n  s t a l l  p r e s s u r e  
r a t i o  l o s s e s  o f  5 . 0  p e r c e n t  a t  7 8 . 4  p e r c e n t  c o r -  
r e c t e d  speed ,  6 . 1  p e r c e n t  a t  8 8 . 3  p e r c e n t  
c o r r e c t e d  speed ,  a n d  5 . 3  p e r c e n t  a t  9 8 . 4  p e r c e n t  
c o r r e c t e d  speed .  

C i r c u m f e r e n t i a l  I n l e t  T o t a l - P r e s s u r e  D i s t o r t i o n  

The e n g i n e  was t e s t e d  w i t h  c i r c u m f e r e n t i a l  

The p r e s s u r e  
i n l e t  t o t a l - p r e s s u r e  d i s t o r t i o n  a t  c o r r e c t e d  f a n  
speeds  o f  90.2 a n d  1 0 0 . 2  p e r c e n t .  
d i s t o r t i o n  was p r o d u c e d  by a 180"  s e c t o r  o f  
5 1/2-mesh s c r e e n  ( 0 . 0 6 3 - i n . - d i a m  w i r e )  i n s t a l l e d  
i n  t h e  bottom h a l f  o f  t h e  i n l e t  d u c t  u p s t r e a m  o f  
t h e  f a n  i n l e t .  The t o t a l - p r e s s u r e  p r o f i l e s  a t  
t h e  f a n  i n l e t  f o r  t h e  l a s t , s t e a d y - s t a t e  d a t a  
p o i n t s  r e c o r d e d  p r i o r  t o  s t a l l  a r e  shown i n  
F i g .  17 .  Based o n  t h e  me thods  o f  R e f s .  22 and  2 3  
f o r  c a l c u l a t i n g  p r e s s u r e  d i s t o r t i o n  d e s c r i p t o r s ,  
t h e  p a t t e r n s  e x h i b i t  c i r c u m f e r e n t i a l  e x t e n t s  o f  
183"  a t  b o t h  speeds  w i t h  c i r c u m f e r e n t i a l  i n t e n s i -  
t i e s  (AP /P)  o f  0 . 0 4 2  a t  t h e  low speed ( F i g .  1 7 ( a ) )  
a n d  0 . 0 7 2  a t  t h e  h i g h  speed ( F i g .  1 7 ( b ) ) .  F o r  
both speeds ,  n o  s i g n i f i c a n t  r a d i a l  t o t a l - p r e s s u r e  
d i s t o r t i o n  e x i s t e d .  The i n s t r u m e n t a t i o n  a t  t h e  
h i g h - p r e s s u r e  c o m p r e s s o r  i n l e t  was n o t  a d e q u a t e  t o  
d e f i n e  t h e  p r o f i l e  a t  t h a t  s t a t i o n  n o r  t o  d e t e r -  
m i n e  t h e  p r e s s u r e  d i s t o r t i o n  t r a n s f e r  c h a r a c t e r i s -  
t i c s  o f  t h e  f a n .  

The e - f f e c t  o f  i n l e t  t o t a l - p r e s s u r e  d i s t o r t i o n  
o n  f a n  s t a b i l i t y  i s  shown s u p e r i m p o s e d  o n  t h e  u n i -  
form i n l e t  f low f a n  map i n  F i g .  18.  As was t h e  

c a s e  w i t h  i n l e t  t e m p e r a t u r e  d i s t o r t i o n ,  t h e  f a n  
s t a l l  l i n e  w i t h  i n l e t  p r e s s u r e  d i s t o r t i o n  was 
d e f i n e d  b y  r e d u c i n g  e x h a u s t  n o z z l e  t h r o a t  a r e a  
w h i l e  m a i n t a i n i n g  c o r r e c t e d  f a n  speed  c o n s t a n t .  
A t  9 0 . 2  p e r c e n t  c o r r e c t e d  f a n  speed,  t h e  t o t a l -  
p r e s s u r e  d i s t o r t i o n  ( F i g .  1 7 ( a ) )  r e s u l t e d  i n  a 
6 . 2  p e r c e n t  l o s s  o f  s t a l l  p r e s s u r e  r a t i o  ( A P R S ) .  
The e f f e c t  o f  t h e  p r e s s u r e  d i s t o r t i o n  a t  
1 0 0 . 2  p e r c e n t  c o r r e c t e d  speed  was a n  8 . 3  p e r c e n t  
loss i n  s t a l l  p r e s s u r e  r a t i o .  

Combined T e m p e r a t u r e  and  P r e s s u r e  D i s t o r t i o n  

Two c o n f i g u r a t i o n s  of comb ined  t e m p e r a t u r e  
and  p r e s s u r e  d i s t o r t i o n  were  t e s t e d .  One was w i t h  
d i a m e t r i c a l l y  opposed  1 8 0 " - e x t e n t  s e c t o r s  ( p r e s -  
s u r e  d i s t o r t i o n  o v e r  t h e  b o t t o m  h a l f  o f  t h e  f a n  
i n l e t ) ,  a n d  t h e  o t h e r  had  t h e  1 8 0 " - e x t e n t  s e c t o r s  
o f  t e m p e r a t u r e  a n d  p r e s s u r e  d i s t o r t i o n  t o g e t h e r  
o v e r  t h e  b o t t o m  h a l f  o f  t h e  f a n  i n l e t .  The 
i n s t r u m e n t a t i o n  was a d e q u a t e  i o  d e f i n e  t h e  p r e s -  
s u r e  d i s t o r t i o n  p r o f i l e s  a t  each  speed ,  b u t  t h e  
b u r n e r  was n o t  r o t a t e d  t o  d e f i n e  t h e  t e m p e r a t u r e  
d i s t o r t i o n  p r o f i l e s .  I t  s h o u l d  be assumed t h a t  
t h e  t e m p e r a t u r e  d i s t o r t i o n  p a t t e r n s  d e s c r i b e d  i n  
T a b l e  1 ( p a t t e r n s  6 t o  8 for  t h e  d i s t o r t i o n s  
t o g e t h e r  a n d  p a t t e r n s  9 t o  11 for  t h e  d i s t o r t i o n s  
opposed)  e x i s t e d  d u r i n g  t h e s e  comb ined  d i s t o r t i o n  
t e s t s ,  s i n c e  h y d r o g e n  f low to  t h e  b u r n e r  was 
a d j u s t e d  t o  e s s e n t i a l l y  t h e  same v a l u e s  as  t h o s e  
u s e d  t o  p r o d u c e  t h e  p a t t e r n s  o f  T a b l e  1 .  

e f f e c t  o n  h i g h - p r e s s u r e  c o m p r e s s o r  s t a b i l i t y  when 
t h e  d i s t o r t e d  s e c t o r s  were  t o g e t h e r .  R e s u l t s  o f  
a t t e m p t s  t o  map t h e  f a n  w i t h  t h e  d i s t o r t i o n s  
t o g e t h e r  a r e  shown i n  F i g .  1 9 .  A n a l y s i s  b y  t h e  
e n g i n e  m a n u f a c t u r e r  of a n a l o g  r e c o r d s  of t h e  s t a l l  
p o i n t s  i n d i c a t e d  t h a t  a l l  s t a l l s  w i t h  t h e  d i s -  
t o r t e d  s e c t o r s  t o g e t h e r  i n i t i a t e d  i n  t h e  h i g h -  
p r e s s u r e  c o m p r e s s o r ;  t h e r e f o r e  f a n  s t a l l  p o i n t s  
a r e  n o t  i n c l u d e d  o n  F i g .  1 9 .  Fan pump ing  c a p a b i l -  
i t y  does n o t  a p p e a r  t o  b e  a f f e c t e d  b y  t h e  comb ined  
d i s t o r t i o n .  (The  speed l i n e  shape i s  s i m i l a r  t o  
t h o s e  p r o d u c e d  w i t h  u n i f o r m  i n l e t  f l o w . )  A t t e m p t s  
t o  map t h e  f a n  a t  9 1 . 5  p e r c e n t  speed were  unsuc -  
c e s s f u l  b e c a u s e  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  was 
o p e r a t i n g  v e r y  n e a r  i t s  s t e a d y - s t a t e  s t a l l  l i m i t  
a t  a l l  e x h a u s t  n o z z l e  a r e a  s e t t i n g s .  The s t e a d y -  
s t a t e  po in t  ( F i g .  19,  9 1 . 5  p e r c e n t  speed)  was 
r e c o r d e d ,  a n d  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  s t a l l e d  
b e f o r e  a n y  changes  i n  o p e r a t i n g  p o i n t  were  a t t e m p t e d .  
O t h e r  a t t e m p t s  were  made t o  map t h i s  speed  l i n e ,  
w i t h  t h e  same r e s u l t .  

The comb ined  d i s t o r t i o n  h a d  a v e r y  s e v e r e  

When t h e  comb ined  d i s t o r t i o n  was t e s t e d  w i t h  
t h e  h i g h - t e m p e r a t u r e  and  l o w - p r e s s u r e  r e g i o n s  d i a -  
m e t r i c a l l y  opposed ,  s t a l l s  a t  a l l  speeds i n i t i a t e d  
i n  t h e  f a n  i n s t e a d  o f  t h e  h i g h - p r e s s u r e  compres -  
s o r .  T h i s  r e s u l t ,  t h a t  o p p o s e d  t e m p e r a t u r e  and  
p r e s s u r e  d i s t o r t i o n s  h a v e  l e s s  e f f e c t  o n  t h e  s t a -  
b i l i t y  o f  a component  t h a n  d o  d i s t o r t i o n s  t h a t  a r e  
t o g e t h e r  has  been  documen ted  i n  o t h e r  t e s t  p r o -  
g r a m ~ . ~ . ~ ~  
o p p o s e d  t e m p e r a t u r e  and  p r e s s u r e  d i s t o r t i o n s  a r e  
shown i n  F i g .  2 0 .  The l o s s  i n  f a n  s t a l l  p r e s s u r e  
r a t i o  w i t h  t h i s  comb ined  d i s t o r t i o n  p a t t e r n  was 
3 . 4  p e r c e n t  a t  7 7 . 8  p e r c e n t  c o r r e c t e d  f a n  speed,  
8 . 6  p e r c e n t  a t  87 .8  p e r c e n t  c o r r e c t e d  f a n  speed,  
and 8 . 4  p e r c e n t  a t  t h e  h i g h e s t  c o r r e c t e d  f a n  speed  
t e s t e d .  The h i g h - p r e s s u r e  c o m p r e s s o r  speeds c o r -  
r e s p o n d i n g  t o  t h e  f a n  s t a l l  p o i n t s  were  9 2 . 9 ,  
9 5 . 8 .  a n d  9 8 . 8  p e r c e n t .  

The r e s u l t s  o f  t h e  f a n  mapp ing  w i t h  
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TPBLE I .  - CIRCUMFERENTIAL INLET TEMPERATURE DISTORTION PATTERNS 

H e a t e d  
a u a d r a n t s  

Fan i n l e t  c o n d i t i o n s  H i g h - p r e s s u r e  
c o m p r e s s o r  

speed,  
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FIGURE 1. - PW1128 ENGINE INSTALLED IN ALTITUDE CHAMBER. 
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( a )  BURNER INSTALLED IN INLET PLENUM. 

(b) BURNER VIEWED LOOKING UPSTREAM. 

FIGURE 2.  - HYDROGEN BURNER INSTALLATION. 
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,-HIGH-PRESSURE TURBINE 

2 25 3 

( a 1 ENG I NE AND INSTALLATION. 
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(b) INSTRUMENTATION LOCATIONS GIVEN I N  DEGREES. 

FIGURE 3. - SCHEMATIC OF ENGINE AND INSTRUENTATION STATIONS. 
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FIGURE 5. - HIGH-PRESSURE COMPRESSOR MAP WITH UNIFORM 
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FIGURE 8. - TYPICAL HUB-RADIAL TEMPERATURE DISTORTION PROFILES. 
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FIGURE 9. - TYPICAL TIP-RADIAL TEMPERATURE DISTORTION PROFILES. 
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FIGURE 10, - FAN OPERATING POINTS WITH 180O-EXTENT C I R -  
CUMFERENTIAL TEMPERATURE DISTORT ION BASED ON PARALLEL 
CONPRESSOR THEORY. 
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FIGURE 11. - EFFECT OF CIRCUPFERENTIAL FAN INLET TEMPERA- 
TURE DISTORTION ON FAN PERFORMANCE; SINGLE QUADRANT (4) 
HEATING (TOP), PATTERNS 1. 2. 3 .  
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FIGURE 12. - EFFECT OF CIRCUWERENTIAL FAN INLET TEM- 
PERATURE DISTORTION ON FAN PERFORMANCE : SINGLE QUAD- 
RANT (2) HEATING (BOTTOM). PATTERNS 4 AND 5. 
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FIGURE 13. - EFFECT OF CIRCUWERENTIAL FAN INLET TEM- 
PERATURE DISTORTION ON FAN PERFORMANCE: 180' EXTENT 
(TOP), PATTERNS 9. 10. AND 11. 
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FIGURE 14. - EFFECT OF CIRCUWERENTIAL FAN INLET TEM- 
PERATURE DISTORTION ON FAN PERFORMANCE: 180' EXTENT 
(BOTTOM). PATTERNS 6. 7. AND 8. 

FIGURE 15. - EFFECT OF TIP-RADIAL INLET TEMPERATURE 
DISTORTION ON FAN STABILITY. 
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FIGURE 16. - EFFECT OF 360O-EXTENT HUB-RADIAL INLET 
TEMPERATURE DISTORTION ON FAN STABILITY. 
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FIGURE 20. - EFFECT OF COMBINED DISTORTION ON FAN 
PERFORMANCE: DISTORTIONS OPPOSED. (PATTERN NUHBERS 
CORRESPOND TO TABLE 1.) 
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